Fragile X syndrome is a common heritable form of mental retardation in humans. Recent neuroanatomical studies indicate an apparent immature appearance of neurons in fragile X syndrome patients and fragile X mental retardation protein (FMRP)-knockout mice, an animal model of this condition. In this work, we investigated possible alterations in synaptic plasticity in the neocortex of FMRP-knockout mice. Extracellular field potentials were recorded from the deep-layer visual neocortex. Long-term potentiation (LTP) was severely attenuated in brain slices from knockout mice relative to that observed in slices from wild-type mice. Considering that neocortical LTP can involve both NMDA receptor-dependent and -independent mechanisms, we attempted to distinguish the nature of LTP attenuated in the knockout condition. In slices from wildtype mice, LTP was partially attenuated by the NMDA receptor antagonist 3-[(؎)-2-carboxypiperazin-4-yl]-propyl-1-phosphate (CPP); however, the general metabotropic glutamate receptor (mGluR) antagonist ␣-methyl-4-carboxyphenylglycine (MCPG) strongly attenuated LTP, resulting in a response indistinguishable from that observed in slices from knockout mice. The selective mGluR5 antagonist 2-methyl-6-(phenylethynyl)-pyridine (MPEP) attenuated LTP to a similar degree as did MCPG in wild-type slices, but MPEP did not alter the reduced potentiation in knockout slices. Our results suggest that LTP in layer V visual neocortex depends primarily on mGluR5 activation. Our data also indicate that mGluR5-mediated synaptic plasticity is absent in the neocortex of FMRPknockout mice. Such an alteration may contribute to the cognitive and learning deficits exhibited in these mice as well as in fragile X syndrome.
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fragile X mental retardation protein ͉ long-term potentiation ͉ synaptic plasticity ͉ visual cortex F ragile X syndrome is the most frequent cause of familial mental retardation and is a prevalent cause of mental disability second only to Down's syndrome, affecting Ϸ1 in 4,000 males and 1 in 8,000 females (1) (2) (3) . Fragile X syndrome is linked to a large variety of phenotypic characteristics, including increased incidence of autistic behavior, attention-deficit disorder, anxiety disorder, sensory-processing problems, epilepsy, delays in speech and language development, and macroorchidism (4, 5) . This syndrome results from the lack of fragile X mental retardation (FMR1) gene expression and the corresponding absence of its protein product, fragile X mental retardation protein (FMRP). The lack of FMRP has been correlated with mental impairment ranging from mild learning disabilities to profound mental retardation (6) (7) (8) . At present, there is no cure for this syndrome, but it is extremely important to understand the consequences of the absence of FMRP to the nervous system as well as other body systems.
FMRP is expressed most abundantly in neurons and is concentrated within dendritic spines, and at the subcellular level the protein is primarily found associated with both cytoplasmic and endoplasmic reticulum-bound ribosomes (9) (10) (11) (12) (13) (14) (15) (16) . Ribosomal association with FMRP is mRNA-dependent and requires several other proteins to be present, forming a large ribonucleoprotein particle. FMRP has also been localized in the nucleus of neurons as well (15, (17) (18) (19) (20) . As a whole, these data suggest that FMRP is related to mRNA transport from the nucleus to the dendrites and may play a role in protein synthesis in dendrites and synapses.
One clear, consistent finding is that morphological profiles of the dendritic spines of neocortical and hippocampal neurons of fragile X patients appear immature (21) (22) (23) (24) (25) . In neocortical neurons, the dendritic spines appear long, thin, and immature, strikingly similar to spines from normal early development before pruning through maturation (24) (25) (26) . FMRP-knockout mice parallel the anatomical findings from human tissue, showing immature dendritic spines in layer V pyramidal cells of the occipital neocortex. FMRP-knockout mice also exhibit several behavioral traits similar to those of fragile X patients as well as learning deficits (27) . These findings suggest that the lack of FMRP expression may alter the development of synaptic connectivity and could provide insight into the phenotypes observed in fragile X patients. The functional consequences of these anatomical alterations remain unknown, but hypothetically they may indicate alterations in synaptic transmission and/or intrinsic properties of neurons in the fragile X syndrome.
Long-term potentiation (LTP) and long-term depression (LTD) are two well studied models of synaptic plasticity that may serve as cellular substrates for cognitive behaviors such as learning and memory (28) (29) (30) . In FMRP-knockout animals, there is a marked increase of LTD in the hippocampus but no alterations in LTP (31, 32) . The enhanced LTD in hippocampal neurons of knockout mice results from an increased activity mediated by type 1 metabotropic glutamate receptors (mGluRs; refs. 31 and 33) and has led to the development of the ''mGluR hypothesis'' (34) . In contrast to the hippocampus, there is an apparent decrease in LTP but no change in LTD in the somatosensory neocortex of FMRP-knockout animals (6, 35) .
The mechanism(s) underlying the attenuated LTP in the neocortex remains unexplored. In most brain regions, LTP requires activation of NMDA-subtype glutamate receptors, which in turn gate a calcium conductance leading to the downstream events that ultimately enhance synaptic transmission (36, 37) ; however, in the neocortex, an additional form of LTP has been identified that is independent of NMDA receptor (NMDAR) activation and may require mGluR activation (30, (38) (39) (40) . In this work, we have examined LTP in neocortical slices from wild-type and FMRP-knockout mice to determine the alterations in LTP between these animals as well as which specific glutamate receptor subtypes are involved with LTP in the visual neocortex.
Results
Initially, field potential recordings were obtained from 15 slices from wild-type animals and 20 slices from knockout animals. In slices from wild-type animals, a single stimulus applied to underlying white matter produced a multiple-peaked waveform, consisting of the stimulus artifact followed by two negative peaks, as recorded from layer V of the primary visual cortex (Fig. 1A) . Application of the ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) subtype glutamate receptor antagonist 6,7-dinitroquinoxaline-2,3-dione (DNQX; 20 M), completely blocked the second negative peak of the field potential, indicating that this component is an AMPA receptor-mediated postsynaptic response. The first negative component was unaffected by DNQX but attenuated by 0.5 M tetrodotoxin, suggesting that this component is the presynaptic fiber volley.
We next attempted to produce LTP in the deep layers of the visual cortex in brain slices from wild-type animals. To quantify the magnitude of LTP observed in each experiment, the amplitude of the postsynaptic response was measured before and after the LTP induction protocol. In normal physiological solution, tetanic stimulation of underlying white matter did not produce sustainable potentiation of the field potential (data not shown), so all experiments were carried out in the presence of a low concentration of the GABA A receptor antagonist bicuculline methiodide (0.1 M). Under these conditions, a stable postsynaptic response was obtained for at least 10 min, and then a series of tetanic stimuli (three trains of 100 Hz, 1-s duration, 5-min intervals) produced a significant, sustainable increase in the amplitude of the field potential (Fig. 1Bi) . At 20 min after tetanic stimulation, the amplitude of the synaptic response averaged 129.1 Ϯ 3.7% of control, which was significantly greater than baseline levels (n ϭ 16 slices, P Ͻ 0.01, paired t test). In a subset of slices, the potentiation was followed for 60 min after the LTP induction stimulation and was maintained at 141.4 Ϯ 9.0% (n ϭ 6 slices) of control, significantly greater than baseline levels (P Ͻ 0.01, paired t test). Despite the increase in the postsynaptic response, there was no significant change in the amplitude of the presynaptic fiber volley ( Fig. 1Bii ; P Ͼ 0.1, paired t test).
In slices from knockout animals, there was a brief enhancement of the postsynaptic responses after each of the stimulus trains, but this potentiation returned to baseline levels within 20 min. At 20 min after the stimulus trains, the amplitude of the postsynaptic response averaged 101.4 Ϯ 3.1% of control ( Fig.  1Ci ; n ϭ 20 slices), which was not significantly different from pretetanic baseline levels (P Ͼ 0.5, paired t test). The attenuated LTP observed in the knockout slices significantly differed from the potentiation obtained in wild-type slices (P Ͻ 0.01, ANOVA). In a subset of slices from knockout animals, the field potential was monitored for 60 min after tetanic stimulation and averaged 94.0 Ϯ 1.6% (n ϭ 3 slices) of control at 60 min.
Considering that LTP in the neocortex can involve both NMDAR-dependent and NMDAR-independent mechanisms, we next determined whether a specific receptor subtype might underlie the potentiation produced by the tetanic stimulation. To determine the receptor subtype(s) underlying the attenuated LTP in the knockout slices, we conducted the LTP experiments in wild-type slices in the presence of various glutamate receptor subtype antagonists. In the presence of the NMDAR antagonist 3-[(Ϯ)-2-carboxypiperazin-4-yl]-propyl-1-phosphate (CPP; 20 M), tetanic stimulation produced a potentiation that averaged 116.3 Ϯ 2.4% (n ϭ 14 slices) of control at 20 min after tetanic stimulation and differed significantly from baseline levels ( Fig.  2B , P Ͻ 0.001, paired t test). Despite the significant potentiation in CPP, the magnitude of LTP was decreased significantly compared with control conditions (control, 128.7 Ϯ 3.1%, n ϭ 20 slices , Fig. 2 A; P Ͻ 0.05, t test). These data indicate the contribution of NMDARs, but in addition, neocortical LTP likely involves an NMDAR-independent mechanism.
In the presence of the mGluR antagonist ␣-methyl-4-carboxyphenylglycine (MCPG; 500 M), tetanic stimulation produced a short-lived potentiation strikingly similar to that observed in the knockout slices (compare Figs. 1C and 2C ). The amplitude of the synaptic response averaged 102.7 Ϯ 2.6% of control at 20 min ( Fig. 2C ; n ϭ 13 slices), which was not significantly different from baseline levels (P Ͼ 0.3, paired t test). Furthermore, the potentiation observed in the presence of MCPG was significantly less than that that obtained in control conditions (P Ͻ 0.001, t test). In the presence of both 20 M CPP and 500 M MCPG, there was a very brief potentiation after the tetanic stimulation that was not maintained over the time course of the experiment (Fig. 2D) . At 20 min after tetanic stimulation, the amplitude of the postsynaptic response averaged 102.2 Ϯ 2.2% of control ( Fig. 2D ; n ϭ 14 slices) and did not differ significantly from pretetanus levels (P Ͼ 0.3, paired t test). These results indicate that LTP in slices from wild-type mice depends primarily on mGluR activation, and a minor component depends on NMDAR activation.
We next used the selective mGluR 5 antagonist 2-methyl-6-(phenylethynyl)-pyridine (MPEP) to test the potential role of this specific receptor subtype. As illustrated in Fig. 3A , tetanic stimulation in the presence of 50 M MPEP did not produce lasting potentiation of the postsynaptic response, with the response averaging 101.8 Ϯ 2.1% (n ϭ 8 slices) of control at 20 min ( Fig. 3A ; P Ͼ 0.1, paired t test). Consistent with our data using the general mGluR antagonist MCPG, the response observed in the presence of MPEP in wild-type slices is strikingly similar to that observed in control conditions in knockout slices, and these two conditions did not significantly differ ( Fig. 3C ; P Ͼ 0.1, two-way ANOVA). To determine whether this mGluR 5 -mediated potentiation is indeed attenuated in knockout slices, we tested MPEP on the suppressed potentiation in knockout slices, and in the presence of MPEP, tetanic stimulation did not produce any lasting potentiation of the synaptic response. At 20 min after tetanic stimulation, the amplitude of the synaptic response averaged 102.2 Ϯ 6.3% of control ( Fig. 3B ; n ϭ 8 slices). There was no statistically significant difference between the potentiation produced in control or MPEP from knockout slices ( Fig. 3C ; P Ͼ 0.1, two-way ANOVA). These data clearly indicate that mGluR 5 -mediated plasticity is reduced in the neocortex of FMRP-knockout mice.
Discussion
In this work, we have clearly demonstrated that neocortical LTP in slices from FMRP-knockout mice is severely attenuated compared with LTP in slices from wild-type mice. Although a previous study has shown a strong reduction in neocortical LTP, the nature of this decrease was not tested (6) . Our data suggest that the reduction in LTP arises from a decrease in mGluR 5 -mediated activity within the neocortex. This finding suggests a complex relationship between FMRP and mGluRs, considering that previous work in the hippocampus suggests an increase in mGluR 5 -mediated activity, leading to an increased LTD of synaptic activity in the FMRP-knockout mice (31, 34) . These findings strengthen the idea that the lack of FMRP can result in alterations in synaptic plasticity, and furthermore these changes can be quite specific to different brain regions. Given the connections between synaptic plasticity and memory and learning, these alterations in synaptic plasticity may serve as possible cellular mechanisms underlying the phenotypic mental retardation and decreased cognitive abilities exhibited by fragile X patients.
Our findings further support earlier studies indicating that neocortical LTP is not only dependent on the activation of NMDA subtype glutamate receptors but also concurrently involves NMDAR-independent mechanisms (30, (39) (40) (41) . Our findings in slices from wild-type mice strongly indicate that LTP in deep neocortical layers depends predominantly on mGluR activation, specifically mGluR 5 . It is interesting to note that attenuation of mGluRs in wild-type slices did not alter the short-term facilitation of the synaptic response immediately after tetanic stimulation, but this increase was short-lived because the amplitude of the postsynaptic response returned to baseline levels within 20 min after tetanic stimulation. The contribution of NMDARs appears to be more important during early stages of plasticity (Ͻ15 min after tetanic stimulation) than in later stages in the visual neocortex. Attenuation of NMDARmediated activity in slices from wild-type mice resulted in a reduction of the short-term facilitation of the postsynaptic response after the LTP induction protocol compared with the control condition; however, this increase in the synaptic response was maintained throughout the time course of the experiment. Our findings support earlier studies indicating the potentially important role of mGluRs, more specifically mGluR 5 , in neocortical LTP (39, 42) . However, an important issue in our study is to determine what specifically has been altered in the FMRPknockout condition.
Specific blockade of mGluR 5 in slices from wild-type mice closely mimicked the results obtained from FMRP-knockout mice in control conditions. Furthermore, there was no significant difference in the responses after tetanic stimulation in slices from knockout mice in control conditions and in the presence of the mGluR 5 antagonist. Our data suggest that there is a reduction of mGluR 5 -mediated activity in the FMR1 knockout mice compared with the wild-type mice, and such a change results in the decreased synaptic plasticity observed in the knockout condition. This finding contrasts with the ongoing idea that in the hippocampus there is increased mGluR 5 -mediated activity in the knockout mice that is responsible for augmented plasticity, namely LTD, which is also a potential mechanism underlying the decreased cognitive abilities in fragile X patients (31, 34) . Furthermore, there is no apparent alteration in LTP in the CA1 region of the hippocampus (6, 32, 43) . Interestingly, the contrasting results regarding alterations in synaptic plasticity between the neocortex and hippocampus (neocortex, decreased LTP; hippocampus, enhanced LTD) in the FMRP-knockout mice are correlated with different spine morphology profiles. Different spine morphologies have been associated with distinct forms of plasticity. For example, in the hippocampus, long, thin dendritic spines are not well tuned for LTP (24, 25, 44, 45) , whereas stubby spines may be more prone to LTD (22, 46) . The relative increase in stubby spines observed in the hippocampus of FMRP-knockout animals would be consistent with the enhanced LTD (22, 31) . In contrast, in the neocortex of FMRPknockout animals, there is an increased abundance of long, thin dendritic spines that correlates with the decreased LTP that we describe in this work; however, a relationship between the decreased mGluR 5 -mediated events and the thin, immatureappearing dendrites remains unexplored.
Within the neocortex, there is clear evidence that LTP is attenuated in the FMRP animals (6, 35) . The mechanism underlying the connection between FMRP and decreased LTP remains unsolved. Our data clearly suggest a decrease in mGluR 5 -mediated plasticity in the visual neocortex. As described by Li et al. (6) , the decreased LTP in the somatosensory neocortex observed in FMRP-knockout mice correlates with decreased levels of GluR1 expression. The relationship between mGluR 5 -mediated activity and GluR1 expression remains unexplored. Nonetheless, it is clear that FMRP-regulated activities can be brain area-specific, and given the numerous hypothesized roles of FMRP in various neuronal processes, further investigation is required to understand clearly the range of possible alterations in neuronal functions associated with the FMRPknockout condition. Ultimately, it is important to determine whether these alterations that we observe in synaptic plasticity contribute to the cognitive deficits associated with fragile X syndrome.
Materials and Methods
Brain slices were prepared by using techniques described previously (47, 48) . Equal numbers of both male and female FVB strain nonlittermate FMR1-knockout and wild-type mice were kindly provided by W. Greenough (24) . Brief ly, mice (postnatal age 13-25 days) were deeply anesthetized with 55 mg of sodium pentobarbital per kg of body weight and decapitated, and the brain was removed quickly. The brain was chilled in cold (4°C), oxygenated physiological solution containing (in mM): 2.5 KCl, 1.25 NaH 2 PO 4 , 10.0 MgCl 2 , 0.5 CaCl 2 , 26.0 NaHCO 3 , 11.0 glucose, and 234.0 sucrose. Tissue slices (500 m thickness) were then cut with a vibrating tissue slicer in the coronal orientation and transferred to a holding chamber containing oxygenated (5% CO 2 /95% O 2 ) physiological saline for at least 1 h before recording. Individual slices were transferred to a recording chamber maintained at 30 Ϯ 1°C, and they were superfused continuously (1.0 ml/min) with oxygenated physiological saline containing (in mM): 126.0 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 2.0 MgCl 2 , 2.0 CaCl 2 , 26.0 NaHCO 3 , and 10.0 glucose.
A modified interface style brain slice chamber was used in these experiments in which the slice was submerged under a thin film of physiological solution. A dissecting stereoscope was used to identify specific regions of the slice and to aid in the placement of recording and stimulating electrodes. Extracellular recordings were obtained by using low resistance (300-600 k⍀) insulated tungsten electrodes (FHC, Inc., Bowdoinham, ME). Signals were amplified (1,000-10,000ϫ), filtered (bandwidth DC, 10 kHz), and digitally stored. The recording electrode was placed in layer V of the visual neocortex, and the stimulating electrode was placed in the underlying subcortical white matter in line with the recording electrode. Extracellular stimuli were delivered through a sharpened bipolar tungsten electrode or concentric electrode (FHC, Inc.). Stimuli consisted of either single shocks (100-s duration, 100-500 pA, 0.1 Hz) or tetanic stimulation for LTP induction (three trains of 100 Hz, 1-s duration at 5-min intervals). The stimulus intensity of the single shocks was adjusted to 50% of the intensity required to produce the maximum synaptic response. Tetanic stimuli were applied after a stable baseline response was obtained for at least 10 min. All pharmacological agents were diluted in physiological saline to their final concentrations and bath-applied. The LTP induction protocol was applied 10 min after antagonist application and remained in the bath solution for the duration of the experiment. In the antagonist experiments illustrated in Fig. 2 , there were four different experimental conditions: control, CPP, MCPG, and CPP ϩ MCPG. The order of these experiments was randomly assigned to avoid any long-term systematic biases in the ability to produce LTP.
All data are presented as mean Ϯ SEM. Field potentials were evoked at a rate of 0.1 Hz, and the peak amplitude of the response was averaged in 1-min bins and plotted. Statistical tests consisted of Student's t tests at specific time points or two-way ANOVA for posttetanic comparisons. The difference between the means was considered significant when P Ͻ 0.05.
